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Lipid segregation occurs in biological membranes, but how this plays into cellular processes like
endocytosis has been unclear. Here, we discuss how the active or passive induction of lipid-protein
domain formation inmembranes can alter membranemechanics and thus affect processes such as
the generation of curvature, the scission of buds and tubules, and lipid sorting.Endocytic processes that lead to the
specific uptake of a variety of receptor-
bound extracellular ligands and mem-
brane components depend on specific
molecular machineries. A good example
is clathrin-mediated endocytosis: Cargo
binds to receptors that, in turn, are recog-
nized by specific adaptor complexes,
which then associate with endocytically
competent coated pits (Kirchhausen,
2002). However, endocytosis mediated
by clathrin-coated pits is not the only
uptake mechanism. Indeed, there are
several endocytic pathways that do not
involve coated pits that have varying
membrane morphologies and molecular
requirements (Howes et al., 2010). These
pathways appear to be responsible for
the internalization of a large fraction of
extracellular volume and cell-surface
components (Conner and Schmid, 2003;
Johannes and Lamaze, 2002).
The notion that there are unique
‘‘conveyer belt-like’’ pathways with
distinct molecular machinery may no
longer provide a very constructive way of
looking at endocytic uptake phenomena.
Instead, it may be useful to consider en-
docytic processes as molecular reaction
schemes in which modular machinery is
shared and recruited depending on the
nature of the cargo (sorting signals,
membrane-bound, or soluble). In addi-
tion, parameters such as ligand concen-
tration and the physiological context in
which the uptake event occurs need to
be taken into account. In this picture,
specificity would originate from a unique
combination of available factors. Tocomplement the biochemical character-
ization of functional modules, we need to
identify fundamental physical principles
that are common to divergent trafficking
processes.
Endocytic processes for the internaliza-
tion of specific cargo need to first segre-
gate and concentrate cargo and then
(or simultaneously) induce local shape
changes in the membrane. Such mem-
brane sites may help to localize the re-
cruitment of molecular machinery needed
for the generation of curvature, the forma-
tion of membrane invaginations, and
subsequent scission. In this Essay, we
discuss how the dynamic construction of
lipid nanodomains in membranes through
passive or active mechanisms leads to
three key events in endocytosis: mem-
brane invaginations, curvature-driven
lipid sorting, and the scission of buds
and tubules. We speculate whether such
mechanisms can be extended to cla-
thrin-coated pit endocytic pathways
(Brodsky et al., 2001).
Coat-Independent Cargo
Sequestration
Membrane coats have not been detected
at sites where clathrin- and caveolin-inde-
pendent endocytosis take place. This
suggests that mechanisms in addition to
the direct association of specific cargo
and cytosolic adaptors with the endocytic
machinery (Kirchhausen, 2002) must
account for the segregation of cargo
during clathrin- and caveolin-indepen-
dent endocytosis. From a physico-chem-
ical perspective, these mechanisms forCell 14segregating cargo may be broadly cate-
gorized into passive or active processes.
In passive processes that do not
depend on ATP hydrolysis, the formation
of a segregated cargo domain depends
on specific intermolecular cargo interac-
tions. Alternatively, but not exclusively,
passive clustering on membranes may
also result from the segregation of local
protein-induced bilayer deformations.
This is a consequence of minimizing
the energy penalty that results from
perturbations of the bilayer at sites of
protein localization (Figure 1). Local
membrane curvature is one type of bilayer
perturbation that can lead to passive
clustering of membrane components
(Antonny, 2006; Reynwar et al., 2007),
but other aspects of lipid structure such
as mismatches in composition and height
of the bilayer may also contribute
(Figure 1).
The passive process of cargo segrega-
tion is exemplified by the binding of
bacterial toxins like the Shiga toxin
produced by Shigella dysenteriae and of
polyoma viruses to specific glycolipid
receptors in the plasma membrane of
certain cell types (Ewers et al., 2010;
Ro¨mer et al., 2007). The pentavalent
Shiga toxin molecules do not interact
directly; large-scale clustering is the con-
sequence of the specific property of
Shiga toxin-glycosphingolipid (Gb3) com-
plexes to induce membrane deformation
locally (curvature and height mismatch;
Figure 1). A likely molecular mechanism
for curvature generation is the compac-
tion of Gb3 lipids under Shiga toxin2, August 20, 2010 ª2010 Elsevier Inc. 507
Figure 1. Membrane-Mediated Clustering of Lipids
Nanodomains of lipids or proteins are formed by active or passive mechanisms.
(Left) They then come together to create larger-scale domains in the plasma membrane.
(Right) These domains differ from the surrounding lipid bilayer in terms of one or more attributes, such as
lipid composition, height, or shape. Such differences lead to perturbation of the membrane and the forma-
tion of membrane invaginations and tubules during endocytosis.molecules, leading to a local asymmetric
reduction in the molecular area of the
exoplasmic (outer) leaflet, to which the
membrane responds by bending toward
the toxin (lipid compaction; Figure 2A).
Bending may be further driven through
splaying of the lipid acyl chains under
the toxin molecules, giving the toxin-Gb3
clusters a cone-shaped geometry at
scales larger than single molecule
(protein/lipid shape; Figure 2A).
Active mechanisms for cargo segrega-
tion are energy-dependent processes.
One example is the active segregation of
GPI-anchored proteins, which form nano-
scale clusters in the membranes of living
cells that are necessary for their endocy-
tosis (Sharma et al., 2004). Here, a small
fraction of GPI-anchored proteins (20%
to 40%) exist as nanoclusters (4–6 nm
in size, consisting of <5 molecules) in cell
membranes in a dynamic exchange with
monomer species. This exchange is
dependent on the presence of an active
cortical cytoskeleton. The fraction of clus-
ters versus monomers is independent
of the concentration of GPI-anchored
proteins in the membrane, in direct viola-
tion of the laws of mass action. GPI-
anchored protein nanoclusters are also508 Cell 142, August 20, 2010 ª2010 Elseviespatially segregated in the membrane in
anonrandom fashion, again in conjunction
with an active contractile cortical cyto-
skeleton (Goswami et al., 2008). These
are properties shared by other active
segregation mechanisms including nano-
clusters of the gangliosides GM1 and
GM3 in the exoplasmic (outer) leaflet
(Fujita et al., 2007) and of Ras isoforms
in the cytoplasmic (inner) leaflet of the
plasmamembrane (Plowman et al., 2005).
Thus, both active and passive mecha-
nisms of cargo sequestration begin with
the construction of domains that then
segregate to form larger-scale domains.
Lipid-Mediated Membrane
Invaginations
The formation of lipid domains in
membranes is invariably accompanied
by an energy penalty called line tension
that occurs at the boundary between the
domains and the rest of the lipid bilayer.
The line tension can be decreased by
reducing the contact interface through
local changes in membrane shape such
as the formation of invaginations or
buds. There is a trade-off between the
energy needed to bend the bilayer at lipid
domains and the penalty paid by havingr Inc.a large contact surface that sets the scale
of the bud (Julicher and Lipowsky, 1993).
This trade-off results in the formation of
relatively large micron-sized buds in fluid
bilayers (Baumgart et al., 2003). To create
smaller buds with a 40–60 nm radius as
seen in living cell membranes, the size
and shape of the lipid nanodomains
needs to be modulated, and other
features such as the intrinsic chirality of
membrane components needs to be
taken into account (Sarasij et al., 2007).
A good example of this process is
provided by Shiga toxin, which induces
lipid domains in the host cell membrane
and subsequently tubular invaginations
(Ro¨mer et al., 2007). It is the propensity
of Shiga toxin to cause asymmetric
compaction of Gb3 glycosphingolipids
into nanodomains (Windschiegl et al.,
2009) and the intrinsic geometry of the
toxin-Gb3 clusters that imposes a nega-
tive curvature on the membrane enabling
narrow tubular invaginations to form (Fig-
ure 2). This mechanism of cargo-induced
membrane invagination also applies to
the uptake of other extracellular patho-
gens and pathogenic factors that, like
Shiga toxin, bind to glycosphingolipids in
the host cell plasma membrane (Ewers
et al., 2010).
A biochemically different but conceptu-
ally similar process to the Shiga toxin-in-
duced generation of membrane curvature
has been described for a specific class of
intralumenal vesicles formed from endo-
somes. Their formation depends on trans-
forming the lipid sphingomyelin in the
inner leaflet of the bilayer into ceramide,
a cone-shaped lipid with a small head
group (Trajkovic et al., 2008) (Figure 2).
This leads to asymmetric stress on the
membrane resulting in the formation of
ceramide domains and consequently
inducing curvature (Chiantia et al., 2007).
In the endolysosomal membrane system,
another lipid lyso-bisphatidic acid is
involved in the formation of intralumenal
vesicles in a pH-dependent fashion (Mat-
suo et al., 2004). It is thought that lyso-
bisphatidic acid segregates into the inner
leaflet of the bilayer at acidic pH and
drives membrane invagination.
Curvature-Driven Lipid Sorting
Curvature changes in the membrane may
also lead to lipid sorting. In liposomes
(lipid vesicles prepared in vitro), lipids
Figure 2. Generating Membrane Curvature
One of the first steps in endocytosis is the generation of membrane curvature.
(A) One way to induce membrane curvature is by putting stress on the bilayer so that it deforms. A helix of
a protein such as epsin can be inserted into the inner leaflet of the bilayer leading to asymmetric expansion
of the inner relative to the outer leaflet. Alternatively, the shape of intramembrane proteins or lipids can
impose bending of the membrane. Another way to induce membrane bending and one that is used by
Shiga toxin is through the local compaction of glycosphingolipids in one leaflet leading to an asymmetric
reduction in membrane area.
(B) The binding of a rigid protein with intrinsic curvature such as a BAR domain protein to the membrane
can lead to molding of the membrane into a curve as long as the protein can make sufficient contacts with
membrane lipids. All molecular elements are represented schematically and are not drawn to scale.are sorted into different domains as
a consequence of changes in membrane
curvature (Roux et al., 2005). Such curva-
ture-mediated lipid sorting has been
thought to depend on differences in their
acyl chains (Mukherjee et al., 1999). It
now turns out that the collective behavior
of lipids must be considered (Sorre et al.,
2009; Tian and Baumgart, 2009). The
composition of the bilayer close to that
necessary for phase segregation (domain
formation) at physiological temperature
has recently been documented in
a number of biological systems to create
an appropriate environment for curva-
ture-driven lipid sorting (Baumgart et al.,
2007; Heimburg and Jackson, 2005; Ling-
wood et al., 2008; Polozov et al., 2008).
Scission of Membrane Buds
The GTPase dynamin is a key component
of the scission machinery and appears to
be sufficient for scission of buds formed
from membranes with the appropriate
composition (Bashkirov et al., 2008;
Pucadyil and Schmid, 2008) and tension(Roux and Antonny, 2008). However, non-
coated endocytic pathways appear to
be able to do without dynamin (Howes
et al., 2010), raising the question of which
other molecules can replace dynamin for
bud scission.
The budding and scission of
membranes in yeast, an organism that
does not express dynamin, has been
proposed to occur by the active participa-
tion of the actin cytoskeleton and myosin
(Idrissi et al., 2008; Kaksonen et al.,
2005). Here, force exerted by the poly-
merization of actin and the contraction of
acto-myosin provides a framework for
scission (Liu et al., 2006). Furthermore,
actin polymerization at membranes
promotes phase segregation of lipids
into domains (Liu and Fletcher, 2006),
which in turn contributes to scission (Liu
et al., 2009). Phase segregation generates
line tension at domain boundaries, and
theoretical arguments have been made
that such tension can lead to scission
provided that the membrane area in the
bud region is large enough (Allain et al.,Cell 142004; Liu et al., 2006, 2009). Line
tension-driven scission has been reported
in model membrane systems (Roux et al.,
2005). In these experiments, tubules were
formed from model membranes using
kinesin motors running on microtubule
tracks, and phase segregation was
induced by photoactivation or removal of
cholesterol, leading to the scission of
tubules.
Recent research on Shiga toxin argues
that the process of line tension-driven
scission is physiological (Ro¨mer et al.,
2010). Shiga toxin-induced endocytic
invaginations are poised in a membrane
environment whose lipid and protein
composition supports domain formation;
an appropriate trigger, such as actin poly-
merization, then can induce membrane
reorganization, domain formation, and
scission. This suggests the exciting possi-
bility that specific lipid mixtures prime
a membrane system such that mechan-
ical transformation can be generated by
lipid reorganization. New experiments
are needed to unravel the connection
between the nature and composition of
phase-segregated domains in mem-
branes and their capacity to generate
sufficient line tension to induce scission
of buds and tubules.
Coat-Mediated Pathways
of Endocytosis
The regulated assembly of clathrin coats,
the entrapment of cargo by its association
with adaptor proteins, and the recruitment
of dynamin are all hallmarks of the
extremely tightly orchestrated clathrin-
mediated pathways of endocytosis.
At first glance, there appears to be no
resemblance to the lipid-mediated endo-
cytic processes that we have discussed
above. However, we speculate that
coated and noncoated pathways of endo-
cytosis share common principles. For
example, in the Shiga toxin-Gb3 glyco-
sphingolipid system, Gb3 lipids are
organized into nanoclusters by toxin
molecules and then induce local changes
in membrane curvature, followed by
membrane domain formation. In the cla-
thrin coat-mediated endocytic pathway,
the membrane is locally deformed by
epsins or BAR domain proteins (Ford
et al., 2002; Henne et al., 2010) that are
organized into domains by the clathrin
lattice.2, August 20, 2010 ª2010 Elsevier Inc. 509
Endocytosis in yeast may lie between
the lipid-based mechanism of Shiga toxin
and the protein-based mechanisms of
clathrin-mediated endocytosis. Indeed,
in yeast, lipid domains play critical struc-
tural and signaling roles in the formation
of membrane tubules (Souza and Pichler,
2007). In clathrin-mediated endocytosis in
yeast, clathrin (which does not form
baskets) renders the initiation step more
efficient but is not required for endocy-
tosis (Kaksonen et al., 2005). We specu-
late that in yeast, clathrin’s contribution
to membrane invagination may be assis-
ted by a lipid-based mechanism. In meta-
zoa, the lipid-assisted clathrin-mediated
generation of curvature may have been
replaced by proteins that can bend
membranes by insertion of a helix (epsins)
or by altering membrane shape (BAR
domain proteins). In addition, two coat
proteins, Sla1p and Sla2p (Kaksonen
et al., 2003), which bind to phosphatidyli-
nositol lipids, may also contribute to
endocytosis in yeast. They help to localize
and concentrate phosphatidylinositol 4,5-
bisphosphate, leading to phase segrega-
tion-induced membrane scission (Liu
et al., 2009).
Conclusions
We suggest that the different pathways of
endocytosis share common principles
that are revealed through mechanisms
for membrane deformation and cargo
segregation. All steps in these apparently
disparate pathways reflect an interplay
among factors that induce the formation
of lipid nanodomains, followed by the
induction of larger-scale domains and
then altered membrane curvature, mem-
brane invagination, and bud scission.
The possibility that specific membrane
lipids may cluster into nanodomains
through passive as well as active mecha-
nisms opens up exciting avenues for
exploring how the repartitioning of lipids
could be regulated to drive membrane
mechanics.
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